Context: Metabolic imaging studying brown adipose tissue (BAT) physiology has increased, in which computed tomography (CT) is commonly used as an anatomical reference for metabolic positron emission tomography (PET) imaging. However, the capacity of CT to provide metabolic information has been underexploited.
H uman adipose tissue is a complex organ with various physiological roles (1) . White adipose tissue (WAT) predominantly serves as a reserve for stored lipids, whereas brown adipose tissue (BAT) is primarily known for a contributory role in nonshivering thermogenesis (2) .
The composition and cellular characteristics of these adipose tissues are related with metabolic risk factors (3, 4) . However, there are only limited methods to study adipose tissue composition noninvasively. X-ray computed tomography (CT) is a widely used in vivo imaging technique in both clinical and experimental settings, although utility of CT beyond anatomical localization is still imprecise. CT radiodensity, measured in Hounsfield units (HUs), has been documented to be strongly related to biological tissue density (5, 6) and negative HU has been attributed with fat tissue (0 HU for water).
CT radiodensity measurements have been previously applied to liver (7) , muscle (8) , visceral (9) and epicardial (10) adipose tissue studies for the estimation of liver fat content, muscle triglyceride accumulation, and risks of development cardiovascular pathologies, respectively. Acute cold stimulus increases BAT HU (11) (12) (13) , and cervico-thoracic fat depots with higher [ In these BAT studies, radiodensity has been speculated to represent BAT triglyceride content. However, definite evidence is missing. Moreover, cutoff value for BAT in the HU scale proposed by Ahmadi et al. (14) to differentiate BAT from WAT needs further validation based on PET substrate tracer uptake values (17) . Additionally, BAT triglyceride content, measured with 1 H-magnetic resonance spectroscopy ( 1 H-MRS), has been shown to associate with obesity markers and insulin sensitivity (18, 19) , and it is critical to establish whether this holds true for triglyceride content measured with CT radiodensity, as CT is performed frequently in metabolic imaging studies for anatomical localization, and clinically it is a comparatively widely available tool compared with 1 H-MRS (20) . In this study, we hypothesize that CT radiodensity of human BAT at room temperature (RT) and cold associates with 1 H-MRS-measured BAT triglyceride content at RT, and PET-measured BAT retained blood volume at RT and cold; furthermore, BAT radiodensity increases as a result of cold stimulus. We additionally aimed to evaluate whether the differentiation of different fat depots can be done entirely based on their HU, and furthermore, whether BAT radiodensity is related to obesity markers and whole-body insulin sensitivity.
Materials and Methods

Study subjects
The subjects were recruited with newspaper and electronic adverts and were screened for hypertension (blood pressure .160/ 100 mm Hg), abnormal oral glucose tolerance test (2-hour oral glucose tolerance test .7.8 mmol/L), and cardiovascular status (arrhythmia and/or long Q wave and T wave in the heart's electric cycle in electrocardiogram, abnormal cardiac murmur, previous history of cardiovascular disease). Whole-body insulin sensitivity (M-value) was measured using hyperinsulinemic euglycemic clamp technique (21) . After excluding smokers, pregnant females, patients with diabetes, and subjects with ongoing medical conditions, 66 adult healthy human study subjects of both genders (45 females/21 males) participated in the study. The characteristics of study subjects have been given in Table 1 . A written informed consent was obtained from all study subjects prior to inclusion in this study. This study was approved by the ethical review committee of Hospital District of Southwest Finland and carried out according to the principles of declaration of Helsinki, good medical practice and good clinical practice guidelines.
Study design
The study subjects underwent a series of scanning, as shown in our study protocol (Fig. 1) . The subjects were scanned with PET-CT, in an individualized cold stimulus setting, in which part of the study subjects were scanned with a glucose analog [ PET scanning was repeated, on a separate day, at RT (22°C) in half of the study subjects (n = 33) as a comparative secondary parameter, whereas cold-stimulated BAT CT radiodensity is a primary evaluated parameter of the current study. The other half of the study participants (n = 33), who were not scanned with PET-CT at RT, were scanned with other interventions, answering different hypotheses (data to be reported elsewhere). Blood samples were drawn during the PET-CT scans to measure plasma concentration of glucose, nonesterified fatty acids (NEFAs), triglycerides, and thyroid hormones. Indirect calorimetry, using Deltatrac II Datex-Ohmeda, was performed during the PET-CT sessions to measure whole-body energy expenditure, according to Weir equation (22) . During the cold stimulus PET-CT scanning sessions, the skin temperature of the subjects was monitored using a digital thermometer (Art.183; Termometerfabriken Viking AB, Eskilstuna, Sweden), in which the temperature-sensing probe was attached to the lateral abdominal skin surface. Additionally, in a separate scanning session, magnetic resonance proton spectroscopy ( 1 H-MRS) in the supraclavicular fat depot was performed at ambient RT for the determination of stored triglyceride. All the scanning sessions were performed after an overnight fasting. The scanning sessions were organized on separate days, in a random order, with the minimum interval between the sessions being 1 week.
Personalized cooling protocol
In the scans involving cold stimulus, the cold exposure was initiated 2 hours prior to the scan using cooling blankets (Blanketrol III; Cincinnati Sub-Zero, Cincinnati, OH) and cooling was continued, following the same protocol, during the scanning. The cooling was started with temperature of the water circulating the cooling blanket set to 4 to 6°C; this temperature was gradually raised once overt shivering was perceived by the subjects, either reported by the subject themselves or visually observed by the investigator. Supplemental Fig. 1 shows the temperature of the cooling blankets.
Scanning protocol
The CT scans were performed using low-dose scanner settings in which x-ray tube current was ;50 mA and tube voltage was 120 kVp. H-MRS measurements were performed at ambient RT in supraclavicular fat depot in 34 subjects (Fig. 1) . The detailed description of 1 H-MRS measurements has been provided in Supplemental Material.
Image analysis
Carimas 2.8 software (Turku PET Centre, Turku, Finland) was used to analyze all acquired images. On CT images, all potential BAT locations within cervico-upper thoracic region were marked, and all voxels between 2250 HU and 250 HU were thresholded (Supplemental Fig. 2) . We also examined a bit wider range of HU threshold (2250 to 0 HU); however, visual inspection of those voxels revealed inclusion of nonadipose tissue structures, and therefore threshold upper-bound value of 250 HU was found to be reasonable. Muscle volumes of interests (VOIs) were drawn at the deltoid and pectoralis major region; and anterior subcutaneous fat in abdominal region was considered as WAT. Afterward, mean HU of all the regions of interest were calculated and compared. BAT glucose and fatty acid uptake was calculated by drawing VOIs on supraclavicular fat depots on [ 
where C T is the tissue time activity curve, C A is the input function, V A is the arterial blood volume, K 1 w is the influx of the tracer toward the tissue (perfusion), and k 2 is the out-flux of the tracer. The K 1 w , k 2 , and V A , values were estimated by a optimization procedure (Gauss-Newton method).
Statistical analyses
Statistical analyses were performed using IBM SPSS Statistics (version 22). Paired sampled Student t test was used to compare paired values, whereas independent sample t test was used to compare unrelated values. Effect sizes (Cohen's d) were calculated using an online statistical calculator (24) . In correlation analysis, Pearson's correlation was used for normally distributed data sets, whereas Spearman's correlation test was used where the data failed the normality test. Multivariate linear regression analysis was used to evaluate whether the relationships between BAT radiodensity and whole-body insulin sensitivity, biochemical markers, and anthropometric measurements are independent of any covariates. Receiver-operating characteristic (ROC) plots were used to find an optimal cutoff limit on the HU scale for the differentiation of BAT from WAT (25) . P , 0.05 was considered to be statistically significant.
Results
The whole-body energy expenditure was significantly higher during cold stimulus, compared with RT, which signifies the effectiveness of used cooling protocol (RT: 6.4 6 1.4 megajoules/d; cold: 7.4 6 1.9 megajoules/d, P , 0.001). The subjects were classified, high-BAT or low-BAT, based on their BAT substrate tracer uptake (i.e., metabolic activity; Table 1 ). They were categorized to be high-BAT if they had NEFA uptake of .0.7 mmol/100 g/min (median division) or glucose uptake of .3.0 mmol/100 g/min (26) within supraclavicular BAT depots. These selected substrate uptake threshold values are comparable in terms of energy content following complete oxidation.
Effect of cold stimulus on BAT radiodensity A highly significant change in BAT radiodensity during RT (285.09 6 9.1 HU) and cold (282.25 6 9.1 HU) was observed [P , 0.0001, Cohen's d = 0.90; Fig. 2(a) ], which was still persistent when subjects were categorized into high-BAT (P = 0.001, Cohen's d = 0.93) and low-BAT groups [P = 0.001, Cohen's d = 1.11; Fig. 2(b) ]. Interestingly, high-BAT category had significantly higher radiodensity of BAT regions compared with low-BAT category both during RT and cold [P , 0.001, Cohen's d = 1.05, independent sample t test; Fig. 2(b) ]. BAT radiodensity measured at RT and cold correlated significantly (r = 0.94, P , 0.0001). No significant difference in radiodensity was observed in WAT (P = 0.47), deltoid muscle (P = 0.40), and pectoralis major muscle [P = 0.13; Fig. 2(c) ]. . High-BAT subjects had significantly lower Figure 1 . Display of the study design. Healthy lean and obese study subjects were recruited and screened for hypertension, abnormal oral glucose tolerance test, and cardiovascular status. Wholebody insulin sensitivity, blood biochemical characteristics, and anthropometric characteristics were also measured. The subjects underwent cold-stimulated PET-CT scans, in which part of the study subjects were scanned with a glucose analog [
18 F]FDG radiotracer (n = 26) and part of the study subjects were imaged using a fatty acid analog [ tissue-retained blood content during cold due to higher blood perfusion is likely to be a factor for the change in BAT radiodensity after a cold stimulus. Interestingly, we also found a significant positive correlation between cold-activated BAT radiodensity and NEFA uptake rate [rho = 0.58, P , 0.001, n = 39; Fig. 3(c) ]. There was no linear relationship between BAT glucose uptake and CT HU [rho = 0.16, P = 0.44; Supplemental Fig. 4(a) ]. We further investigated the relationship of cold-activated BAT SUV mean , a conventional marker for glucose consumption, with BAT radiodensity; however, no such relationship was found [r = 0.12, P = 0.55; Supplemental  Fig. 4(b) ]. There was a highly linear direct relationship between cold-activated BAT glucose uptake and BAT SUV mean [r = 0.96, P , 0.0001; Supplemental Fig. 4(c) ].
BAT radiodensity and systemic metabolic health markers
Cold-activated BAT radiodensity was in negative relationship with obesity markers, i.e., body mass index (BMI; r = 20.71, P , 0.001), waist circumference [r = 20.75, P , 0.0001; Fig. 4(a) ], and hip circumference (r = 20.62, P , 0.0001). These relationships remained significant when adjusted for age in multivariate linear regression analysis. Furthermore, cold-activated BAT radiodensity also correlated with cold-stimulated plasma triglyceride levels (r = 20.54, P = 0.001, n = 37) as well as RT plasma triglycerides [rho = 20.46, P , 0.001, n = 64; Fig. 4(b) ], low-density lipoprotein (LDL; rho = 20.34, P = 0.007), and high-density lipoprotein (HDL; rho = 0.37, P = 0.003). However, these BAT CT radiodensity relationships with plasma triglycerides, LDL, and HDL lost statistical significance once adjusted for BMI. Moreover, there was also positive correlation between whole-body insulin sensitivity (M-value) and BAT CT radiodensity during cold [r = 0.49, P , 0.001; Fig. 4(c) ] and RT (r = 0.48, P = 0.007); this association remained significant when adjusted separately for BMI (b = 1.3 6 0.4 mmol/kg/min/HU, P = 0.002), waist circumference (b = 1.0 6 0.4 mmol/kg/ min/HU, P = 0.02), sex (b = 1.1 6 0.3 mmol/kg/min/HU, P = 0.0002), or age (b = 1.2 6 0.3 mmol/kg/min/HU, P , 0.001) in multivariate linear regression analysis. Whole-body insulin sensitivity (M-value) also directly correlated with muscle radiodensity (deltoid: rho = 0.32, P = 0.01; pectoralis major: r = 0.29, P = 0.02), whereas no relation was found with WAT radiodensity (r = 0.18, P = 0.18). Table 2 shows correlation coefficients of BAT CT radiodensity, both RT and cold, with biochemical markers and anthropometric measurements.
Subcutaneous WAT and BAT radiodensity
Low-BAT and high-BAT groups had higher HU in the BAT depots compared with corresponding WAT at RT (low-BAT: P = 0.001, Cohen's d = 2.09; high-BAT: P , 0.0001, Cohen's d = 3.78) as well as during cold [low-BAT: P , 0.001, Cohen's d = 2.02; high-BAT: P , 0.0001, Cohen's d = 4.08; Fig. 2(b) ]. ROC curves were plotted to predict the ability of HU, and to find an optimal . Based on this, we found the optimal cutoff point on HU scale to be highly specific (100%) for WAT at #292.4 HU (sensitivity 89%), and the optimal cutoff point on HU scale of fat depot to be high-BAT, under cold stimulus, at $287 HU (sensitivity 83%, specificity 87%).
Discussion
Our data show that BAT CT radiodensity is a potential marker of BAT triglyceride content and tissue-retained V A . Furthermore, cold stimulus results in an increase in BAT radiodensity, which is most likely due to an increase in tissue-retained blood volume as a result of coldinduced tissue hyperperfusion. BAT regions with higher radiodensity, under cold stimulation, take up more NEFA from circulation than those with lower radiodensity, and BAT regions with mean radiodensity of $287 HU are likely to be metabolically active. BAT radiodensity is significantly higher than subcutaneous WAT, and radiodensity of #292.4 HU is highly specific for WAT. Moreover, BAT radiodensity has significant relationship with obesity markers (BMI, waist circumference, hip circumference, plasma triglyceride, HDL, LDL) and whole-body insulin sensitivity. Previously, it has been shown that BAT perfusion increases during cold stimulus (26, 27) , and BAT substrate metabolism increases in uncoupling protein 1-mediated thermogenesis (12, 28) . Under cold stimulus, BAT increases its retained volume of arterial blood (Table 1) , and BAT-stored triglyceride content decreases due to lipolysis, most likely to fuel BAT-associated nonshivering thermogenesis (29, 30) . It is a limitation of our study design that 1 H-MRS acquisition was performed solely at RT, and we cannot demonstrate coldinduced reduction in stored triglycerides with 1 H-MRS;
however, some studies suggest this phenomenon (11, 31, 32) . We showed in our study that the increase in BAT radiodensity [ Fig. 2(a) ] is due to the increase in tissue blood retention in cold, and we speculate that it may also be due to reduction in BAT triglycerides. Interestingly, this increase in radiodensity was also evident in subjects with low BAT substrate uptake (low-BAT). It is possible that low-BAT subjects have merely reduced substrate uptake, and in these fat depots there are still adipocytes with uncoupling protein 1, as shown by Lee et al. (33) . HU does not explicitly measure stored triglyceride content in fat depots but also water, blood, and residual fat cell components. It has been shown that obese individuals are attributed to lower fat tissue-retained water content, lower fat depot capillary bed density (34) , and overall adipocyte hypertrophy (35) . Moreover, fat depots with high metabolic activity are also densely packed with mitochondria (36) . Low-BAT subjects in our cohort are comparatively obese (Table 1) ; therefore, the lower BAT radiodensity in low-BAT subjects compared with high-BAT subjects may be accounted for in these morphological differences. Additionally, the differences in BAT radiodensity in our low-BAT and high-BAT group are in line with the previous finding by Hu et al. (15) , in which it has been shown that metabolically active supraclavicular, interscapular, and neck fat, based on [ 18 F]FDG SUVs, has higher CT radiodensity than inactive fat. We found a significant association between BAT CT radiodensity and BAT NEFA uptake rate [ Fig. 3(c) ], which implies that either BAT regions with lower triglyceride content take up more NEFA from circulation in cold to fulfill their energy needs or these regions have higher ratio of brown adipocytes to white adipocytes. However, it is not clear whether these NEFAs are used for thermogenesis or replenishment of used triglycerides, which should be assessed with further biochemical and histological studies.
BAT radiodensity correlates inversely with obesity, LDL cholesterol, and plasma triglycerides, and positively with whole-body insulin sensitivity (M-value) and HDL cholesterol. These results are in line with previous findings by Raiko et al. (19) , who measured BAT triglyceride content using magnetic resonance spectroscopy. It has been shown in numerous earlier studies that intramuscular triglyceride stores have relationship with insulin sensitivity (37, 38) , and, in line with this, we found relationships of whole-body insulin sensitivity with radiodensity of deltoid and pectoralis major muscle. However, BAT triglyceride content associated with whole-body insulin sensitivity in a study by Raiko et al. (19) using magnetic resonance spectroscopy, whereas we show similar results with BAT CT attenuation, further supporting the link between whole-body insulin sensitivity and BAT composition. Cervico-thoracic BAT depots with thermogenic, lipogenic, and lipolytic activity have a potential role in regulating plasma fatty acids, whereas high lipolysis with high plasma levels of free fatty acids can induce muscle insulin resistance (39) . It has also been demonstrated in rodent studies that BAT contributes to plasma triglyceride clearance (40) . Additionally, human studies of both healthy (16) and type II diabetic subjects (41) have shown that a short-term cold acclimation increases BAT radiodensity, and cold acclimation improves insulin sensitivity in patients with type 2 diabetes (41). However, our study does not include subjects with diabetes, but, in line with these findings, our results demonstrate another evidence for the link of BAT CT radiodensity with insulin sensitivity independent of age, sex, or obesity. Future studies with longitudinal design may unravel the casual link between BAT and whole-body insulin sensitivity.
A few previous studies (14, 31) compared BAT and WAT radiodensity in subjects with high SUV supraclavicular fat depots (high-BAT) with similar results as in the current report. However, to our knowledge, no other study has statistically compared HU of WAT and BAT in low-BAT study subjects. Our data suggest that BAT area in low-BAT subjects still differs from subcutaneous WAT on HU scale. This difference could be due to higher fluidto-triglyceride ratio in BAT regions in low-BAT subjects compared with corresponding subcutaneous WAT.
Strengths of our study include that all study subjects were metabolically healthy and had broad-ranging BMI and age, and the cohort included both genders. However, our cohort had more females than males, which limits our gender-based analyses. These findings are expected to aid future BAT studies and provide more insight in in vivo assessment of intracellular triglyceride accumulation in supraclavicular fat depot as a marker of BAT activity, obesity, and whole-body insulin sensitivity. In clinical setting, with CT being a routinely performed procedure, BAT radiodensity may allow additional information about systemic metabolic health.
The aim of our personalized cooling protocol was to deliver uniform level of nonshivering cold stress in all participants irrespective of body type and subcutaneous adiposity; however, our method for the assessment of shivering was subjective. An objective and quantitative approach to detect shivering, e.g., electromyography, would have improved this protocol. Although we did not observe the difference in change (Δ) in whole-body energy expenditure in high-BAT and low-BAT participants, there is a possibility that present cooling protocol may deliver cold stress of variable magnitude in different subjects, which may create a bias in cooling response of each subject. Furthermore, our study cannot establish causal relationship between BAT radiodensity and development of metabolic syndrome due to the crosssectional study setting. Moreover, classification of subjects being high-BAT was solely done on PET substrate tracer uptake values during cold stimulation, and not on any ex vivo BAT-specific morphological or biochemical analysis. However, similar classification approach has previously been adapted and reported in several BAT reports (11, 18, 26, (42) (43) (44) , and high PET substrate tracer values in fat depots to be specific for BAT have been previously demonstrated (36) , and it is considered the golden standard for in vivo BAT localization.
Conclusions
We conclude that CT radiodensity of human BAT can be used as a marker of stored triglyceride content and local vascularity. Acute cold exposure significantly increases BAT CT radiodensity, which is most likely due to tissue hyperemia, and may also be as a result of reduction in intracellular lipids. Cold-stimulated BAT with high substrate uptake has higher radiodensity than those with lower uptake levels. Cervico-upper thoracic fat depots with more positive HU (in fat HU range) than typical subcutaneous WAT under cold stimulus are most likely metabolically active based on PET imaging. Furthermore, BAT triglyceride accumulation assessed with HU may provide an insight in whole-body insulin sensitivity and systemic metabolic health, which may further broaden the utilization of CT beyond anatomical imaging.
